Chemical-Looping Combustion (CLC) is an emerging technology for CO 2 capture because separation of this gas from the other flue gas components is inherent to the process and thus no energy is expended for the separation. Natural or refinery gas can 2 be used as gaseous fuels and they may contain different amounts of sulphur compounds, such as H 2 S and COS. This paper presents the combustion results obtained with a Cu-based oxygen carrier using mixtures of CH 4 and H 2 S as fuel. The influence of H 2 S concentration on the gas product distribution and combustion efficiency, sulphur splitting between the fuel reactor (FR) and the air reactor (AR), oxygen carrier deactivation and material agglomeration were investigated in a continuous CLC plant (500 W th ). The oxygen carrier to fuel ratio, was the main operating parameter affecting the CLC system. Complete fuel combustion were reached at 1073 K working at values ≥ 1.5. The presence of H 2 S did not produce a decrease in the combustion efficiency even when working with a fuel containing 1300 vppm H 2 S. At these conditions, the great majority of the sulphur fed into the system was released in the gas outlet of the FR as SO 2 , affecting to the quality of the CO 2 produced. Formation of copper sulphide, Cu 2 S, and the subsequent reactivity loss was only detected working at low values of  ≤ 1.5, although this fact did not produce any agglomeration problem in the fluidized beds. In addition, the oxygen carrier was fully regenerated in a H 2 S-free environment. It can be concluded that Cu-based oxygen carriers are adequate materials to be used in a CLC process using fuels containing H 2 S although quality of the CO 2 produced is affected.
Introduction
It is well known that CO 2 is an important greenhouse gas that strongly affects global warming (IPCC, 2007) . The CO 2 Capture and Storage (CCS) is a process involving the separation of CO 2 emitted by industry and energy-related sources, and the safe storage over the long term. There are different CO 2 capture technologies available or under development, but most of them present a high-energy penalty as a consequence of the gas separation step, which results in an increase of the cost of energy production. Among the different technologies that are under development, Chemical-Looping Combustion (CLC) has been suggested as one of the most promising technologies to reduce the cost of CO 2 capture using fuel gas (Kerr, 2005) because CO 2 is inherently separated in the process from the other flue gas components (N 2 and unused O 2 ) and thus no energy is expended for the separation.
The description of the CLC process is well known considering the increasing development of this technology in the last few years for combustion of natural gas (Ishida et al., 1987; Lyngfelt et al., 2001; Adánez et al., 2006) or syngas from coal gasification (Anheden and Svedberg, 1998; García-Labiano et al., 2007a; Mattisson et al., 2007) . Also, refinery and industrial gases have been considered to be used as fuel gas in a CLC system (Morin and Béal, 2005) . Recently, interest in combustion of solid fuels, e.g. coal, introducing the fuel directly to the Fuel Reactor (FR) has arisen (Cao and Pan, 2006; Berguerand and Lyngfelt, 2008) .
A cornerstone in the successful development of a CLC system is the oxygen carrier (OC), which besides having a high reactivity with the gas fuel and air for many cycles of reduction-oxidation, must meet other characteristics such as low attrition, no agglomeration during fluidized bed operation, and no carbon deposition. Moreover, full fuel conversion to CO 2 and H 2 O is desirable. Among the different metal oxides proposed in the literature for the CLC process, Cu-based oxygen carriers have shown high reaction rates and oxygen transfer capacity , and have no thermodynamic restrictions for complete fuel conversion to CO 2 and H 2 O. In addition, the use of Cu-based oxygen carriers has less environmental problems than other metals, as for example Ni, and it is cheaper than other materials used for CLC such as nickel, cobalt, etc.
Our research group at the Instituto of Carboquímica (CSIC) has undertaken several studies using oxygen carriers based on copper. In previous works potential Cu-based oxygen carriers were prepared using different supports . The effects of oxygen carrier composition and preparation method were also investigated by thermogravimetric analysis (TGA) to develop oxygen carriers with high reaction rates and durability. It was found that the optimum preparation method for Cu-based oxygen carriers was the impregnation on a support. Later, the preparation conditions and oxygen carrier characteristics were optimized to avoid the agglomeration of the Cu-based materials during their operation in a fluidized bed (de Diego et al., 2005) , which was the main reason adduced in the literature to reject this kind of materials for their use in a CLC process. Based on these findings, an oxygen carrier was finally selected to test its behaviour in a 10 kW th CLC prototype using methane as fuel. The results obtained during 200 h of continuous operation were very successful both regarding methane combustion efficiencies and particle behaviour (Adánez et al., 2006; de Diego et al., 2007) . Finally, a waste management study from the CLC plant using Cu-based residues was also carried out (García-Labiano et al., 2007b) . It was concluded that this solid residue can be classified as a stable nonreactive hazardous waste acceptable at landfills for non-hazardous wastes.
All these studies have been carried out with synthetic gases simulating the composition of natural gas or syngas. However, real composition of gaseous fuels can contain variable amounts of light hydrocarbons (LHC), i.e. C 2 -C 5 and sulphur compounds, such as H 2 S and COS. The effect of the presence of LHC has been investigated in previous works using both Ni and Cu-based oxygen carriers Gayán et al, 2010) , and the effect of H 2 S in the fuel using a Ni-based OC ). Natural gas usually contains very small amounts of H 2 S (≈ 20 vppm) (Bucker et al., 2005) . H 2 S content in refinery fuel gas can vary depending on the site but the contents up to 800 vppm can be found, and this value can be increased up to 8000 vppm for raw syngas (Hebden and Stroud, 1981) .
The design and operation of an industrial CLC plant using Cu-based oxygen carriers may be affected by the presence of sulphur compounds in a double way. First, from the operational point of view, the sulphur fed into the system can react with the OC to produce copper sulphide that probably cause the deactivation of the OC, decreasing its reactivity and, therefore, the combustion efficiency of the process.
Moreover, the low melting point of the Cu 2 S (1373 K) could produce agglomeration and affect to the solids circulation pattern between the interconnected FB reactors. In this case, it could be necessary desulphurize the fuel previously to its use in the CLC process.
Secondly, from the environmental point of view, the sulphur feed into the system can be released as SO 2 in the gas outlet stream of the AR and it should comply with existing legislation about emissions, 35 mg/Nm 3 or 12 vppm is currently applicable for large power plants <50 MW th (ECD, 2001) . If sulphur contained in fuel is released in the gas outlet stream of the FR, so far there is no legislation on CO 2 quality necessary for storage, but some technical requirements are needed for the compression and transportation (Sass et al., 2005) . In addition, it must take into account that the solid waste generated in the process must comply with existing legislation for disposal in landfills (ECD, 1999; ECD, 2003) .
The influence of sulphur in the behaviour of copper supported on alumina as a catalyst has been investigated in some works (Hutchings et al., 1992; Ahlström and Odenbrand, 1990) . Other authors have made thermodynamic calculations about the behaviour of several oxygen carriers, including those based on copper, with respect to carbon deposition and formation of sulphates and sulphides in the combustion of methane (Jerndal et al., 2006) and syngas (Wang et al., 2008) . A thermogravimetric study has been recently done about the effect of H 2 S on the behaviour of several bentonite-supported metal oxides based on iron, nickel, manganese and copper (Tian et al., 2009) . They found that the rates of reduction and oxidation decreased in the presence of H 2 S for all four metal oxides.
To date, literature has only reported an experimental work ) exploring the CLC process under continuous operation when a fuel is burned in the presence of impurities such as H 2 S when an oxygen carrier based on Ni is used.
The aim of this work was to test the behaviour of a copper-based oxygen carrier when the fuel, CH 4 , contains variable amounts of H 2 S under continuous operation in a 500 W th CLC prototype. The influence of H 2 S concentration on the gas products distribution and combustion efficiency, sulphur splitting between FR and AR, oxygen carrier deactivation, and material agglomeration were investigated.
Experimental

Oxygen carrier
As shown in the introduction section, previous works were carried out to determine the effects of carrier composition, preparation method, metal content, and calcination temperature on the oxygen carriers reactivity, gas product distribution, attrition rate and agglomeration. It was found that copper-based oxygen carriers prepared by impregnation are good candidates for the CLC process (de Diego et al. , 2005 .
The oxygen carrier used in this work was prepared by the incipient wet impregnation method using CuO as active phase and -Al 2 O 3 as support. This method was described in detail in a previous works Gayán et al., 2010) .
The main characteristics of the Cu-based oxygen carrier are shown in Table 1 . The final active CuO content (14%) was determined using thermogravimetric techniques (TGA). It must be considered that, for this type of Cu-based oxygen carriers, both the CuO and the copper aluminates are active species for reaction with the gas fuel . The oxygen transport capacity, defined as the mass fraction of oxygen that can be used for the oxygen transfer, was calculated as R o,OC = (moxmred)/mox, where mox and mred are the weights of the oxidized and reduced forms of the oxygen carrier, respectively. Fig. 1 shows a schematic diagram of the reactor system, which was designed and built at Instituto of Carboquímica (CSIC). The atmospheric Chemical-Looping Secondary air could be introduced at the top of the bubbling bed to help particle entrainment. N 2 and unreacted O 2 left the AR passing through a high-efficiency cyclone (5) and a filter (9) before the stack. The recovered solid particles were sent to a reservoir of solids setting the oxygen carrier ready to start a new cycle and avoiding the mixing of fuel and air out of the riser. The regenerated oxygen carrier particles returned to the FR by gravity from the reservoir of solids located above a solids valve (7). Fine particles produced by fragmentation/attrition in the plant were recovered in the filters that were located downstream of the FR and AR. An important feature of the prototype was the possibility to control and measure the solids circulation rate at any moment through the solids valves (6, 7) located above the FR.
CLC prototype (500 W th )
The prototype had several tools of measurement and system control. Thermocouples and pressure drop transducers located at different points of the plant showed the current operating conditions at any time. Specific mass flow controllers gave accurate flow rates of feeding gases. The gaseous outlet streams of the FR and AR were drawn to respective on-line gas analyzers to get continuous data of the gas composition. CH 4 , CO, H 2 , and CO 2 concentrations in the gas outlet stream from the FR were measured after steam condensation. O 2 , CO, and CO 2 concentrations were obtained at the gas outlet stream from the AR. CH 4 , CO and CO 2 concentrations were measured by nondispersive infrared (NDIR) analyzers (Maihak S710 / UNOR), O 2 and H 2 concentrations were determined using a paramagnetic analyzer (Maihak S710 / OXOR-P) and a thermal conductivity detector (Maihak S710 / THERMOR) respectively. All data were collected by means of a data logger connected to a computer.
To study the effect of sulphur on the oxygen carrier, the CLC pilot plant was modified by including two mass flow controllers for H 2 S and H 2 . H 2 , in small amount, was used to avoid the decomposition of H 2 S in the feeding line. Some specific analyzers for sulphur compounds were used for the outlet streams of the fuel and air reactors. A non-dispersive infrared (NDIR) analyzer (Siemens Ultramat U22) was used to detect the SO 2 concentrations obtained at the AR gas outlet stream. For the gas analysis of the FR, NDIR analyzers showed problems of cross-interference between gases. Thus, a gas chromatograph (Varian 3400-CX GC) equipped with a PORAPAK-Q packed column for chromatographic separation and a sulphur-specific Flame Photometric Detector (FPD) was used. In this way, it was possible the detection of the different gaseous sulphur compounds that might have appeared in the FR as H 2 S, SO 2 , COS, CS 2 , etc. The chromatograph was calibrated in the range 0-400 vppm for H 2 S and SO 2 .
The prototype allowed the collection of solid material samples from the AR and riser line at any moment from the diverting solid valve, and from the FR at the end of the test. Several techniques were used to characterize the solid samples. The identification and quantitative analysis of crystalline phase of the solid samples were carried out by powder X-ray diffraction (XRD) (Bruker AXS D8 Advance), equipped with monochromatic beam diffracted graphite, using Ni-filtered "Cu K" radiation.
The microstructures of the particles and element distribution in the solid were observed by a scanning electron microscopy (SEM) (Hitachi S-3400 N variable pressure up 270
Pa with an EDX analyzer Röntec XFlash of Si (Li)). To analyze the internal section of the particles, some particles were embedded in resin epoxy, cured overnight, and cut with a diamond knife in ultramicrotome. The sulphur content in the particles was determined by ultimate analysis (Termo Flash 1112) and the reactivity of the OC was determined by TGA techniques .
Results
Thermodynamic calculations
Potential fuels for a CLC process, such as natural gas, refinery gas or syngas, may contain variable amounts of sulphur compounds like H 2 S. This undesirable gas could be partially oxidized in the FR by oxidants such as H 2 O, CO 2 or the metal oxide and different chemical species may be present. Several works have made thermodynamic calculations , Jerndal et al., 2006 Wang et al., 2008) about the fate of H 2 S in a CLC process depending on the metal oxide selected as oxygen carrier, the operating conditions (temperature, pressure, and H 2 S concentration), and the fuel gas (CH 4 , CO or H 2 ). The number of possible reactions involved in a CLC process using a Cu-based OC increases with the presence of H 2 S with respect to the use of pure CH 4 . The main reactions involved in the CLC process with Cu-based OC are shown in Table 2 . In the fuel reactor, the OC is reduced to its form metallic. Metallic copper appears as a product of the reaction between methane or H 2 S with CuO, initially present in the OC (see reaction 1-3) or between gas products (CO and H 2 ) with the metallic oxide (reactions 5 and 6). Cu 2 S appears as a product of the reaction between H 2 S and cooper, both in its oxidized form and reduced (reactions 4 and 7).
The gas phase concentrations can vary according the water gas shift reaction (reaction 8) therefore it should be considered. Finally, the H 2 S can react with any gas product to form SO 2 or COS (reactions 9-12). In the air reactor, the OC is regenerated to its form oxide (reaction 13). If some Cu 2 S produced in the FR is transferred to the AR, CuSO 4 or SO 2 might be formed (reaction 14 and 15).
In this work, thermodynamic calculations were carried out using the HSC Chemistry 6.1 (2008) software to determine the fate of sulphur when Cu-based oxygen carriers are used in a CLC plant. The program finds the most stable phase combination and seeks the phase composition where the Gibbs energy of the system reaches its minimum at a fixed mass balance, constant pressure and temperature.
The calculations were related with the use of a fuel, CH 4 , containing 1200 vppm H 2 S and at 1073 K. 
The values were expressed as the volumetric percentage of gas composition for methane combustion and sulphur species present in the products in relation to the methane and sulphur fed into the system respectively. At  values above 1, the unique stable sulphur compound in the FR working with Cu-based oxygen carriers is SO 2 . At sub-stoichiometric conditions different solid and gaseous sulphur species can appear depending on the oxygen present in the system. The same thermodynamic calculations made at different temperatures from 973 to 1273 K and H 2 S concentrations (100-10000 vppm) showed similar results.
Based on this thermodynamic data a compilation of the prevalent reactions at each operating condition can be inferred. At sub-stoichiometric conditions, the partial oxidation of the CH 4 can be produced by reaction 2. The CO and H 2 produced can also react with the CuO to obtain copper metallic by reactions 5 and 6. The main sulphur compound in fuel gases, H 2 S, can react with any of the solid materials to form copper sulphide, being Cu 2 S the unique stable compound at these conditions (reactions 4 and 7). The COS can be mainly produced by gas phase reactions 11 and 12.
In an atmosphere with excess of oxygen,  1, full oxidation of the fuel gas is produced (reaction 1). At these conditions, the major sulphur compound finally obtained is SO 2 produced as a consequence of H 2 S oxidation by the solid CuO (reaction 3). In the gas phase, H 2 S may be also oxidized to SO 2 by oxidants such as H 2 O and CO 2 , which are combustion products (reactions 9 and 10).
A thermodynamic study revealed that CuSO 4 is not stable at temperatures above 973 K independently of the oxygen concentration. Therefore, reaction (15) should be the major reaction produced at typical AR operating temperatures in a CLC system.
Test in 500W th CLC prototype
To determine the effect of H 2 S on the behaviour of the Cu-based oxygen carrier, several tests were carried out in the 500 W th CLC prototype under continuous operation conditions. As stated earlier, the H 2 S present in the fuel can be turned into several gaseous or solids compounds depending on the operating conditions of the system. The purpose of the research was to know the effect of the H 2 S contained in the fuel gas on the behaviour of the oxygen carrier with respect to reactivity, gas composition, agglomeration, and on the sulphur splitting between reactors. Table 3 shows a summary of the tests carried out. All the tests were made at 1073 K in the FR and 1173 K in the AR. Tests 1-3 corresponded to conditions with a high oxygen excess. The solids circulation rate (f s ) was established at 11 kg/h when CH 4 concentration in the fuel gas was set to be 20 vol.%, nitrogen to balance, corresponding to 518 W th , and  = 1.9. The effect of  on the gas combustion efficiency was analyzed by two ways: first controlling the solid circulation flow rates by means of the solids valve (Tests 4-6, at = 1.5); and secondly by changing the fuel gas concentration but maintaining constant the gas velocity and solid circulation rates (Tests 7-9, at  = 1.3).
At each  value, three tests were made: the reference case without sulphur, and after that, tests with addition of 800 and 1300 vppm of H 2 S. Tests 10 and 11 were especially designed to analyze the oxygen carrier regeneration after copper sulphide formation, as it will be explained later. Every test corresponds to about 2 h of continuous operation, which gave us a total of 32 hours of operation, including the time of heating, using the same batch of copper particles. In Tests 1-6, the combustion of the CH 4 was complete to CO 2 and H 2 O in those tests with a high excess of oxygen in the plant, which corresponded to  values of 1.9 and 1.5. It was observed that the gas concentration was not affected by the introduction of H 2 S into the system, and full conversion of the CH 4 was obtained. As it was expected from the thermodynamic calculations, all the sulphur introduced as H 2 S in the FR was transformed into SO 2 . The concentration of CO 2 and SO 2 measured in dry basis was a little bit lower than the CH 4 and H 2 S concentrations fed into the system due to the small dilution produced by the N 2 flowing from the loop seal into the FR. A very small amount of SO 2 was detected at the outlet of the AR, with values below 5 vppm. This can be attributed to the fact that some SO 2 was absorbed into the OC particles and transported to the AR where it is released. Moreover, neither CO 2 nor CO was detected in the AR gas stream, which indicated the absence of gas leakage between reactors and no carbon formation in the FR. The operation of the prototype was very stable for a long period of time (≈ 12 h) even in those cases with high H 2 S addition (800 and 1300 vppm).
Influence of H 2 S concentration on gas product distribution
Tests 7-10 corresponded to conditions with lower oxygen carrier to fuel ratio ( = 1.3) than previous tests. For that, the circulation rate was fixed at 11 kg/h and the CH 4 fed was increased up to 30 vol.%, increasing in this way the power output of the plant.
Test 7 corresponded to the reference case at these operating conditions, that is, without H 2 S addition. It was observed that the CO 2 concentration was lower than those corresponding to full fuel combustion and some unconverted CH 4 appeared although neither CO nor H 2 were detected at any moment. During Test 8, 800 vppm of H 2 S was fed into the system and it was observed a decrease in the CO 2 concentration and an increase in the CH 4 until reach pseudo-stable gas compositions about 30 minutes later.
In accordance, SO 2 concentration was increasing up to values close to 400 vppm. This value corresponded to about half of the total sulphur introduced into the system. At the same time, a small amount of SO 2 was detected at the outlet of the AR. A similar behaviour was observed in Test 9 when the H 2 S feeding was increased up to 1300
vppm. This behaviour was attributed to the formation of copper sulphide, Cu 2 S, in the FR which produced a deactivation of the oxygen carrier and a clear decrease in the combustion efficiency. Moreover, a mass balance to the sulphur into the system showed that the Cu 2 S transferred to the AR was not totally released as SO 2 in the AR by reaction (15) due to the low residence time of the solids in this reactor or the low reaction rate of this reaction. Therefore, Cu 2 S was again recirculated into the FR and a continuous accumulation of sulphur in the oxygen carrier was produced.
To analyze the possible regeneration of the oxygen carrier, as similar to the behaviour previously observed with a Ni-based oxygen carrier (García-Labiano et al.,
2009), the H 2 S feeding was suspended and operating conditions of Test 7 were reached again. SO 2 concentrations about 280 vppm were being detected from the FR during 2
hours. This fact revealed the regeneration of the oxygen carrier although at a low reaction rate. For that reason, after two hours of operation the oxygen carrier to fuel ratio was increased up to values of 1.9 by decreasing the fuel and maintaining fixed the solids circulation rate (Test 11). At this moment a big peak of SO 2 was detected (> 3000 vppm), and after that the gas composition returned to the values corresponding to full fuel combustion, that is, CO 2 and H 2 O and no CH 4 . This was attributed to the fully removal of the Cu 2 S from the bed and the complete regeneration of the oxygen carrier.
A thermodynamic analysis of the possible reactions involving Cu 2 S in FR was done. The oxidation of the Cu 2 S by the combustion products, CO 2 and H 2 O, to give SO 2 is not thermodynamically possible. Moreover, the possible oxygen release at gaseous state by the decomposition of the CuO to Cu 2 O is only possible at temperatures higher than 1173 K. Therefore, although it sounds strange that a solid-solid reaction could be so quick at this temperature (1073 K), it was concluded that the most probable situation was the reaction between the Cu 2 S with the CuO, Cu 2 S + 2 CuO → 4 Cu + SO 2
The complete regeneration of the oxygen carrier was further validated through reactivity tests in a TGA. Fig. 4 shows the conversion versus time curves for the reduction and oxidation of the fresh Cu-based OC and the solid sample taken from the system after Test 11. It can be observed that both samples exhibit the same reactivity both for reduction and oxidation.
Influence of H 2 S concentration on combustion efficiency
To evaluate the behaviour of the oxygen carriers during the tests with sulphur addition in the 500 W th prototype, the combustion efficiency,  c , was used as comparison parameter. This parameter was defined in Eq. (18) as the ratio of the oxygen consumed by the gas leaving the FR to that consumed by the gas when fuel is completely burn to CO 2 and H 2 O. So,  c gives an idea about how the CLC operation is close or far from the full combustion of the fuel, i.e.  c = 100 %.
where F in is the molar flow of the inlet gas stream, F out is the molar flow of the outlet gas stream, and x i is the molar fraction of the gas i. an increase in  values produces an increase in the combustion efficiency, reaching full gas combustion at  values ≥ 1.5. The effect of the H 2 S presence in the fuel gas depended on the operating conditions. At  ≥ 1.5, the H 2 S did not affect the combustion efficiency because the great majority of sulphur was released in the FR as SO 2 and no copper sulphide was formed. On the contrary, a strong influence of sulphur was detected at  values of 1.3 and the effect was dependent on the H 2 S concentration fed into the system (Tests 8 and 9). This was attributed to the Cu 2 S formation, which produced a deactivation of the oxygen carrier reactivity. According to the thermodynamic study previously shown (Figure 2 ), working at oxygen carriers to fuel ratios above 1 formation of copper sulphides should be avoided. However, in a real system the kinetic of the reactions involved must be also considered. In this case, the presence of CH 4 in the system and the lower concentrations of CO 2 and H 2 O present in the fluidized bed favours the formation of copper sulphides and the deactivation of the oxygen carrier at = 1.3. Finally, full gas combustion can be obtained with the regenerated oxygen carriers (see Test 11) after stopping the H 2 S feeding.
Characterization of the Cu-based oxygen carrier
To determinate the effect of H 2 S on the behaviour of the Cu-based oxygen carrier, several samples were taken from the AR and FR beds after finished each experimental tests and compared with the fresh oxygen carrier. Composition of samples from Test 11 also corroborates the regeneration of the oxygen carrier when H 2 S addition was stopped.
Samples were also analyzed by SEM-EDX to determine changes produced in the structure of the solid materials during operation with sulphur addition. Fig. 6 shows the images of the internal structure of the particles at different stages. Fresh oxygen carrier exhibited an outer shell of CuO, although this layer disappeared during the first hours of operation by attrition and it was elutriated out from the reactors. Samples from Test 9 and 11 exhibited a similar aspect, where Cu and Al uniformly distributed through the particle. Especially relevant was the result obtained with the sample corresponding to Test 9 where Cu 2 S was detected by XRD. The small amount of sulphur inside the particle made it almost impossible to detect sulphur in the EDX line profile shown in the figure. However, the EDX mapping carried out revealed a uniform distribution of sulphur through the whole particle. This was an indication that Cu 2 S is formed both in the external and the internal parts of the oxygen carrier particles.
Sulphur splitting between FR and AR
Sulphur fed with the fuel to the FR can be distributed between the gaseous sulphur species obtained at the outlet stream from the FR and AR and the solid sulphur species formed on the OC. The sulphur splitting among the above options depended on the operating conditions existing on the system. Table 5 summarizes the sulphur mass balance made in the CLC system at the different tests, each one corresponding to 2 h of continuous operation. These balances were carried out by integration of the SO 2 concentrations present at the gas outlet streams of the FR and AR, and the sulphur present in OC particles, which was determined by ultimate analysis of samples taken from the beds after each test.
During the tests carried out at  ≥ 1.5 (Tests 2-3, and 5-6), the majority of the sulphur was released in the FR as SO 2 , and only a negligible amount was released in the AR. The rest of the sulphur until 100 % can be due to the possible presence of small amounts of SO 3 in equilibrium at the outlet of the AR, which was not measured, and experimental errors, since no sulphur in solid was detected.
The situation varied when working at  = 1.3 (Tests 8-9). In this case, about half of the sulphur was released in the FR as SO 2 , a small amount was released in the AR, and the remainder was accumulated in the oxygen carrier. It must be considered that no steady state with respect to sulphur was reached in the system when copper sulphides are formed. Considering the total solids inventory in the system, the CuO content of the particles, and the H 2 S introduced in the gas feeding, operation times from 115 h to 70 h are necessary to reach steady-state for H 2 S contents of 800 and 1300 vppm, respectively. This means that Cu 2 S formation should be continuously increasing during operation in the tests carried out in the 500 W th CLC plant.
As commented before, CuSO 4 is not stable at usual conditions of temperature and oxygen concentration present in AR. Therefore, the SO 2 released in this reactor comes from the oxidation of the Cu 2 S proceeding from the FR through reaction (15).
However, the small amounts of SO 2 detected at the outlet of the AR and the detection of Cu 2 S in the solid samples extracted from the AR indicated that the rate of this reaction in our CLC system was slow.
Implications of sulphur in an industrial CLC plant working with Cu-based oxygen carriers.
The design of CLC industrial plants must consider both operational and environmental aspects regarding sulphur content of fuel gas when a Cu-based oxygen carrier is used.
From the operational point of view, the reaction of the sulphur compounds with the OC may form copper sulphides that can deactivate the OC, decreasing their reactivity and therefore, the combustion efficiency of the process. According to the experimental work herein carried out, the OC carrier deactivation was only detected working at  values below 1.5. Although no agglomeration problems were observed in any case during operation in the 500 W th plant due to the Cu 2 S formation, these operating conditions should be avoided in a CLC plant working with Cu-based materials. On the contrary, no OC deactivation was produced when working at oxygen carrier to fuel ratios above 1.5, where complete combustion of the fuel was reached. The circulation rate in a CLC system depends on the operating conditions and configuration of the per MW th . From the experimental operating conditions used in this work, for an oxygen carrier to fuel ratio of 1.5, the circulation rate of solids is equal to 4.3 kg s -1 per MW th. Therefore the optimal operation conditions ( > 1.5) could be easily reached in an industrial CLC system using this Cu-based oxygen carrier.
From the environmental point of view and working at optimum conditions ( > 1.5), the small amount of SO 2 released from the AR should easily fulfill legislation about gaseous emissions. However, most of the sulphur fed with the fuel gas it is expected to be released as SO 2 in the flue gas from the FR. This will have important consequences with respect to the quality of the CO 2 produced. The necessity of treatment of the flue gas downstream the FR will depend on the purity requirements of the liquefied CO 2 . Currently, there is no legislation about contaminant contents in CO 2 for storage, and much uncertainty exists about these limits. In the literature, very different values can be found ranging from <200 mg/Nm 3 for a modest CO 2 quality to <5 mg/Nm 3 for a very high CO 2 quality (Anheden et al., 2008) .
It must be also considered that flue gas impurities, such as SOx, NOx, etc. have the potential of interacting unfavourably with compression, and pipeline transport of CO 2 , as well as on storage. With respect to compression, the existence of gas mixtures can produce condensation of the higher boiling constituents, which may limit the ability to achieve adequate interstage cooling and may damage the compressor and other related equipment. Moreover, materials used in separation, compression, and transport are subjected to corrosion by sulphuric or sulphurous acids (Sass et al., 2005) . However, there is not a clear idea up to date about the allowed limit of sulphur compounds and their effect on the cost during CO 2 compression and transport. The presence of sulphur impurities can also have effects on the CO 2 storage although the additional costs required to remove SOx impurities, motivated by concerns about storage reservoir performance, are unlikely to be justified (Bryant and Lake, 2005) .
In addition, it must be taken into account that the solid waste generated in the process must comply with existing legislation for disposal in landfills (ECD, 1999; ECD, 2003) . No problems are expected by formation of Cu 2 S considering that this compound can be easily avoided working at the adequate operating conditions.
Moreover, in a previous work (García-Labiano et al., 2007b) it was found that the solid waste generated in a CLC process working with Cu-based oxygen carriers complies this legislation since it can be as a stable nonreactive hazardous waste acceptable at landfills for nonhazardous wastes.
Conclusions
Several tests have been carried out in a CLC prototype (500 W th ) under continuous operation with a Cu-based oxygen carrier to analyze the effect of sulphur content of fuel on the behaviour of the oxygen carrier with respect to reactivity, gas composition, agglomeration, as well as on the sulphur splitting between the reactors, and the possible consequences on industrial CLC plants.
The oxygen carrier to fuel ratio, was found to be the main operating parameter affecting the CLC process for fuels containing sulphur. Complete fuel combustion was reached at 1073 K in the FR and   1.5. The presence of H 2 S did not produce a decrease in the combustion efficiency even working with a fuel containing 1300 vppm H 2 S. The reactivity of the oxygen carrier was not affected because no copper sulphide was formed. At these optimum conditions, the great majority (95%) of the sulphur fed into the system was released in the gas outlet of the FR as SO 2 , affecting to the quality of the CO 2 produced. Small SO 2 concentrations were detected in the outlet stream of the AR, with values about 5 vppm. This can be attributed to the fact that some SO 2 was absorbed into the OC particles and transported to the AR where it is released.
Formation of copper sulphide, Cu 2 S, and the subsequent reactivity loss was only detected working at low values of , ≤ 1.5, although this fact did not produce any agglomeration problem in the fluidized beds. In addition, the oxygen carrier was fully regenerated in a H 2 S-free environment.
Considering the experimental results obtained in this work, it can be concluded that Cu-based oxygen carriers are adequate materials to be used in a CLC process using fuels containing sulphur if oxygen carrier to fuel ratios above 1.5 are used.
Environmental aspects regarding SO 2 emissions in large combustion plants are fulfilled and the main limitation would be the CO 2 quality requirements for transport and storage. Tables   Table 1. Main characteristics of the copper-based oxygen carrier. 
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